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Circadian changes in cardiovascular function during the progression of diabetes mellitus in the diabetes prone rat (BBDP) (n = 8)
were studied. Age-matched diabetes-resistant rats (BBDR) served as controls. BP was recorded via telemetry in contiguous 4hr
time periods over 24 hours starting with 12 midnight to 4am as period zero (P0). Prior to onset of diabetes BP was high at P0,
peaked at P2, and then fell again at P3; BP and heart rate (HR) then increased gradually at P4 and leveled oﬀ at P5, thereby
exhibiting a bipodal rhythm. These patterns changed during long-term diabetes. The cross-correlation coeﬃcient of BP and HR
was not signiﬁcantly diﬀerent across groups at onset, but it fell signiﬁcantly at 9 months of duration of diabetes (BBDP: 0.39 ±
0.06;BBDR:0.65 ±0.03;P<. 05).Theseresultsshowthatchangesincircadiancardiovascularrhythms indiabetes mellitusbecame
signiﬁcantat the late stage of the disease.
1.Introduction
Circadian variations in most bodily functions have been rec-
ognized. The circadian variation enables the organism, sys-
tem, and individual organs to maximize eﬃciency by ensur-
ing optimal performance with minimal energy expenditure.
The diurnal variation in blood pressure rhythm has been
demonstrated in man [1–3] and various mammalian species
[4–6]. Some variations in the circadian blood pressure
patterns have been attributed to endocrine inﬂuences [7, 8]
while others are thought to be of neural origin [9]. Blood
pressure and heart rate are thought to vary in diﬀerent ways,
with diurnal changes in weather, time of day, and tem-
perature. Circadian rhythm involves changes in autonomic
function controlled by the hypothalamus and inﬂuenced by
the higher brain centers. Therefore variation in circadian
rhythm may also be an indicator of autonomic changes.
Vinik and Erbas [10] have stressed the importance of recog-
nizing and treating autonomic neuropathy in diabetes, but
early detection of autonomic neuropathy is diﬃcult with
currentassessment techniques.Thesearchformoresensitive,
less invasive, and less stressful markers of autonomic and
cardiovascular dysfunction is still imperative.
Young et al. [11]h a v er e p o r t e dt h a tt he heart possesses
an internal circadian clock, which is associated with gene
expression, metabolism, and contractile performance. They
reported loss of synchronization in the phases of these
circadian rhythmsinstreptozotocin-induceddiabetesinrats.
Loss of circadian rhythm of blood pressure following acute
stroke has been reported in human patients [12–14]. Dia-
betes mellitus is known to produce autonomic neuropathy,
which results in functional and anatomical changes in the
autonomic and cardiovascular system [15]. Clinical studies
have used beat-to-beat variation of heart rate during deep2 International Journal of Hypertension
breathing and during the Valsalva maneuver to show the
altered parasympathetic nervous control of the heart in
diabetes [16, 17]. Other experimental studies have been
carriedoutinstreptozotocin-oralloxan-treated rats[11,18].
Theautonomicnervoussystemplaysanimportantroleinthe
regulation of cardiovascular function in health and disease
[19]. However the eﬀect of the development of diabetes and
diabeticneuropathyon regulationofcardiovascularfunction
and the circadian variability of blood pressure and heart
rate has not been convincingly elucidated. The development
of an animal model of spontaneous autoimmune diabetes
mellitus, the BBDP rat, provides a good opportunity for
the study of the phenomenological changes in autonomic
and cardiovascular function and the circadian variations in
these parameters during the progression of type 1 diabetes
mellitus.
This study was designed to investigate the circadian
variations in blood pressure, heart rate, and blood pressure
and heart rate cross-correlation (xcorr) in BBDP rats. We
posit that the circadian rhythm of blood pressure, heart rate,
and heart rate-blood pressure cross-correlation in diabetic
rats will diﬀer from those of the control (i.e., diabetes-
resistant) rats.
2.Materialsand Methods
2.1. Animals. Male, genetically diabetes-prone (BBDP) (n =
8) and diabetes-resistant (BBDR) (n = 8) rats obtained
from the Biomedical Models Inc. (Rutland MA) were used
in the study. The experiments were performed in accordance
with the National Institutes of Health guidelines for care
and use of experimental animals [20] and were approved
by the Institutional Animal Care and Use Committee of the
University Of Kentucky College Of Medicine. These BBDP
rats spontaneously develop an autoimmune, abrupt onset
type 1 diabetes mellitus between 50–120 days of age. The
diabetes is characterized by polydipsia, polyurea, and hyper-
glycemia. The rats were obtained from the vendor at 31–45
days of age. They were housed in an isolated room where
the temperature was controlled at 72 degrees Fahrenheit
(22◦C), 56% humidity, and a 12/12-hour light/dark cycle.
The rats were fed on standard rat chow (Harlan Teklad 2018,
Madison, WI, USA) and had access to water ad libitum.
The diabetic animals were weighed each morning, and blood
glucose was measured. Brieﬂy a drop of blood from the
saphenous vein was placed on the reagent strip of the One-
Touch Ultra glucometer (LifeScan Inc., Milpitas, CA, USA)
and read within 5 seconds.
2.2. Surgery. All procedureswere appropriate for rodent sur-
v i v a ls u r g e r y .T h er a t sw e r ea n a e s t h e t i z e dw i t hs o d i u mp e n -
t o b a r b i t a l( 6 5m g / k g ,I P ) .T h ea b d o m i n a la o r t aw a sa c c e s s e d
via a laparotomy. The sensory element of a Data Sciences
International (DSI) probe (model TA11PA-C40) was placed
into the aorta via a puncture such that the tip pointed
towards the heart. The catheter containing the sensitive
element of the probe was secured in place with surgical glue.
The body of the probe that contains the sensor, transmitter,
Table 1: Demographic and laboratory variables (MEAN ± SD) of
diabetic rats (BBDP) and resistant rats (BBDR) at onset of diabetes.
Variable BBDP BBDR
Age at onset (weeks) 9 9
Numbers (16) 8 8
Weight (g) 280 ± 25 320 ±12∗
Blood sugar (mg%) 347 ± 48 87 ±5.4∗
∗P<. 05.
and battery was secured to the interior abdominal wall with
sutures. The incision was closed and the rat monitored until
it roused from the anesthetic.
2.3. Experimental Protocol. The body weight and the blood
glucose level were monitored each morning at about 9am.
The day the animal ﬁrst showed a morning blood glucose
levelabove 250mg/dL was takenas onset of diabetesmellitus
a n dd e s i g n a t e d“ d a y0 . ”T h ed i a b e t i ca g ew a sc a l c u l a t e df r o m
this point, which occurred at about 65 days of age. The
diabetic rats were maintained on an insulin dose schedule
developed by the breeder. This involved giving Protamine-
ZincInsulin(PZI)0.9U/100g/day,subcutaneously.Thedose
was increased or reduced by 0.2 units per day, depending on
weight gain or loss and plasma glucose level. Blood pressure
was monitored continuously throughout the period or in
some cases continuously for two-week intervals each month.
Thelatterarrangementorrotationhelpsincreasethenumber
of animals monitored and also prolongs battery life of the
telemeter, as the telemetry unit is switched oﬀ.
2.4. Data Acquisition and Analysis. The telemetry data were
obtained using the PhysioTel RPC 1 receiver. The received
signal was fed into a DSI Data Exchange Matrix to which
was connected an ambient pressure reference (APR 1). The
output from the matrix was fed, via a Dataquest PCI card,
into the Pentium IV computer-based workstation running
a Dataquest A.R.T system software program. The output
from this computer was cross-fed into an analog-output
Data Exchange Matrix. The analog output of the DEM
was passed through a BNC-2110 A-D converter (National
Instruments) into an analysis and output computer for
further processing or display. The data stream was analyzed
using an in-house developed computer program (ViiSoft-
ware, Lexington) running on a Pentium IV based computer.
Heart rate (HR) was computed from the pulsatile BP signal.
For data analysis the 24-hour day was divided into six 4-
hour periods starting from 12:00 midnight (P0, P1, P2,
P3, P4, and P5). The blood pressure and heart rate were
plotted to reveal any diurnal variations and cyclic variations.
The cross-correlation coeﬃcient between heart rate and
blood pressure was computed [21]. Data are presented as
mean ± SEM unless speciﬁcally noted otherwise. Two-factor
between group analysis of variance (ANOVA) was applied
to the strains (BBDP and BBDR). One-way ANOVA was
used for individual changes and appropriate t-tests applied.
Signiﬁcance was taken as P<. 05.International Journal of Hypertension 3
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Figure 1: Compressed recording showingheart rateand bloodpressure variationswiththe lightanddark cycles inBBDP rats,over tendays.
Note the circadian pattern with increased HR and BP over the dark periods, typical of nocturnal animals.
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Figure 2: Circadian variations in blood pressure in six diurnal periods (P0–P5) at (a) 0, 21, 60 days, (b) 90–150 days, (c) 166–274 days of
diabetes duration. Values are mean ± S.E.M.
3.Results
Table 1 shows the parameters of the spontaneously diabetic
rats (BBDP) at the onset of diabetes and the age-matched di-
abetes-resistantcontrolrats(BBDR).Thediabetes-pronerats
had a slightly, but signiﬁcantly, lower body weight than the
control rats. As expected, the diabetic rats had a signiﬁcantly
higher blood glucose level. We report elsewhere [22]t h a t ,
aside from the consistent between-group diﬀerence in abso-
lute weight, both groups exhibited similar growth patterns
during the study period. Likewise, we reported [22]t h a t
baselinemean arterialpressure (MAP)didnotdiﬀerbetween
groupsandthatHRwasminimally, butsigniﬁcantly,lowerin
the diabeticanimals versusthe controlsfortheﬁrst 6months4 International Journal of Hypertension
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Figure 3: Circadian variations in heart rate (HR) in six diurnal (4 hour) periods (P0–P5) at (a) 0–60 days, (b) 90–150 days, (c)166–274
days after diabetic conversion. Values are means ± SEM. Note the near consistent relationships with changes in arterial pressure ﬁndings
(Figure 2) in terms of ﬂuctuations.
after the BBDP became diabetic. One diabetic rat died about
day 120 of diabetic duration and another at day 244.
3.1. Circadian Changes in BP and HR in BBDP and BBDR
Rats. Figure 1 shows ten days of mean arterial pressure
(MAP), HR, and light/dark cycles for a diabetes-resistant
animal. The circadian variations in blood pressure and
heart rate are demonstrably out of phase with the light/dark
rhythm (i.e., lowest MAP and HR during light on), as would
be expected for an animal that is most active during the
d a r k .P a n e l sa ,b ,a n dco fFigure 2 graph MAP recorded for
the time periods P0 (12 midnight–4am), P1 (4am–8am),
P2(8am–12noon),P3(12–4pm),P4(4pm–8pm),andP5
(8pm–12 midnight) in the BBDP rats at the indicated days
following their becoming diabetic. Each point is an across-
rats average, in turn derived from a beat-by-beat average
over the four-hour recordings for each time period for each
subject. The results show that prior to conversion (top-left
panel) to the diabetic state (i.e., control, dark blue) blood
pressure was high at P0, was lower at P1, and rose to a peak
at P2 and then fell again at P3. Thereafter MAP increased
gradually at P4 and leveled oﬀ at P5. A similar circadian
pattern was recorded for the onset of diabetes at day 0 (Panel
a, maroon) and again at Day 21 (yellow). By Day 60 (light
blue) the peak diurnal blood pressure was shifted to period
P3 (12–4pm)while thenighttime peakincreased (P5;97.4±
5.2mmHg). The circadian BP rhythms for diabetic duration
3–5 months are shown in Figure 2(b) (top-right panel). The
diurnal peak of BP remained at P3 at 90 days (maroon) and
120 days (yellow) while the nighttime peak was still at P5.
At 150 days (light blue) peak diurnal BP was at P2; however
BP at P4 fell below the early morning dip at P1. The pattern
of circadian changes in BP appeared to normalize later
in diabetes, but the amplitudes of the changes are greatly
reduced especially in the P3 to P4 period (Figure 2(c)).
The diabetes-resistant rats BBDR showed no appreciable
shifts in the diurnal peak period over the study period.
Circadian changes in heart rate (Figure 3) followed a
pattern similar to that of mean arterial pressure. Prior to
conversion and at day 0 heart rate was high at P0 followedInternational Journal of Hypertension 5
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Figure 4: Graph showingcircadian variations of cross-correlationcoeﬃcients (Xcorr) of blood pressure and heart rate in six periods P0–P5
at (a) 0–60 days (b) 90–150 (c) 166–273 days of diabetic conversion. The prediabetic control values were taken from n14 to n1 days. Values
are mean ± SEM. ∗P<. 05.
by a dip at P1 and increasing to a peak at P2 (Figure 3(a),
top-left). However from day 21 to day 90 the peak shifted to
midafternoon at P3. Beyond Day 150 there was a return to
normal pattern with a dip at P1 and peak at P2, another dip
atP3,andgradualrise toP4andP5 inthenight(Figures3(b)
and 3(c)).
3.2.Circadian Changes inCross Correlation CoeﬃcientinDia-
betes. The cross-correlation coeﬃcient of heart rate and
blood pressure [21] in the diabetic animals in the six time
periods looks “parabolic” with P0 and P5 having the highest
values (P0: 0.65 ±0.031; P5: 0.68 ± 0.019), while the periods
P3 and P4 had the lowest values (0.49 ± 0.036, 0.50 ± 0.04,
resp.) in the control recording (Figure 4(a)). The cross-
correlation coeﬃcient was elevated relative to control at P1
and P2 at the onset of diabetes (i.e., day 0, maroon). By days
21 and 60 there was a midday peak at P2 with dips at P1 and
P3 showing a change in pattern. The late diurnal coeﬃcient
showed little or no change from P3 to P5 at diabetic age
120–150 days (Figure 4(b)). With an increase in diabetic age
theamplitudeofthevariation in cross-correlation coeﬃcient
across the 24-hour day was reduced by day 244, but overall
values remained high. However, by the 9th month the cross-
correlation coeﬃcient fell signiﬁcantly with a peak at P2
and lowest dip at P5 (0.39 ± 0.06) (Figure 4(c)) suggesting
impairment or degeneration of integrative functions. In
contrast the nondiabetic control rats maintained a higher
cross-correlation coeﬃcient and did not manifest a dip at P5
(BBDR: 0.65 ± 0.03, P<. 05 versus BBDP, 0.39 ±0.06).
Figure 5 shows the eﬀect of diabetic age on the circa-
dian cross-correlation coeﬃcient in the diabetic rats. Note
that, in the pre-conversion period (i.e., n14 to n1), there
was considerable daily ﬂuctuation in the cross-correlation
coeﬃcient (0.46 to 0.69). After conversion the range of
the daily ﬂuctuation narrowed, and by day 21 all the
periods had converged (0.6 to 0.67); thereafter (day 60 to
day166)thecross-correlationcoeﬃcientagain showedawide
circadian ﬂuctuation which was sometimes higher than the
pre-conversion values. Around day 244 a reduction in the
diurnal range was noticeable. This reduction was steady
and continued as the cross-correlation coeﬃcient started
to decline by day 273. The nondiabetic rats showed less
ﬂuctuation in their cross-correlation coeﬃcients. The graph
shows that apart from the daily rhythm, there is also a long-
term periodic cycle of about one-month duration exhibited
by this parameter. This fairly regular pattern was diminished
later (from day 180) in the diabetes.
The lead/lag times of the cross-correlation between HR
and BP in the circadian period of the diabetic rats are
shown in Figure 6. The negative values of the Lead/Lag plot
indicatethatheartratechangesledbloodpressurechangesby6 International Journal of Hypertension
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Figure 5: Graph showing longitudinal eﬀect of diabetic age on
cross-correlation coeﬃcient of BP and HR in the 6 diurnal periods
over the 9-month period. Values are means ± SD. (n = 8). Note
the wide diﬀerences before onset of diabetes and the fall and
c o n v e r g e n c et o w a r d st h el a s ts t a g e( 2 7 3d a y s ) .
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Figure6:Changesincircadianrhythmsofcrosscorrelationlead/lag
time of HR and BP in BBDP rats over the nine months diabetic
period. Values are mean ± SEM. (n = 8). Note the gradual
reduction in the lead/lag times with duration of diabetes.
t h ei n d i c a t e dv a l u e( i ns e c . ) .I nt h ep r ec o n v e r s i o np e r i o d
the values for the night and early morning periods (P0, P1,
P4, and P5) were generally higher (−2.0 to −2.3 sec) while
those for midday (P2 and P3) were lower (−1.6 to −2.0 sec).
However about day 21 in the postconversion period there
was a change in the trend with the continued reduction of
thenighttime lead values,especially betweenDay21and Day
90. There was gradual reduction in the lead/lag time for the
various periods as the diabetes progressed; however, by day
244 the diurnal circadian variation was signiﬁcant with P0
(nighttime) having the highest lead (−2.0 ± 0.06 sec) while
P3 (afternoon) had the lowest (1.45 ± 0.07 sec). When the
changes were aggregated (Figures 7(a) and 7(b))t h ea v e r -
age cross-correlation coeﬃcients of the peak (Figure 7(a))
andnadir(Figure 7(b))showedlessﬂuctuationinthecontrol
diabetic-resistant rats suggesting that the between group
diﬀerences are not primarily due to maturation.
4.Discussion
Results from this study in an animal model of spontaneous
type1diabetesmellitusare associatedwithchangesinresting
circadiancardiovascular andautonomicfunctions. Theheart
is said to possess a fully functional internal clock [23]. It
is also established that central suprachiasmatic nucleus and
related structures act as circadian pacemakers for the whole
body [24, 25]. The interplay of the central and peripheral
oscillators enables the organism to adjust the activities of its
organs to maximize eﬃciency while functioning optimally
in a changing environment. Our results show that at the
onset of diabetes up to the 3rd diabetic week blood pressure
had two peaks at midnight/morning, and midafternoon,
interlaced with a dipin themorning and followed byanother
dip late afternoon. This gave way to a gradual rise through
the evening and late night. In this longitudinal study a
phase shift was seen by the 2nd diabetic month in which
the diurnal blood pressure peak shifted from midafternoon
to late afternoon (P3). This new pattern was sustained to
the third and fourth months of the duration of diabetes.
The prediabetic pattern of blood pressure changes was
displayed beyond the ﬁfth month, but the amplitude of
the rhythm was reduced. Similar circadian rhythm behavior
was demonstrated in heart rate by the diabetic rats. The
cross-correlation coeﬃcient of heart rate and blood pressure
showed wide circadian variation in the pre-conversion
period, and the amplitude of the rhythm reduced in the
postconversion period and showed little or no ﬂuctuation
in the late afternoon-night section during the third to the
ﬁfth diabetic month. A sharp fall in the cross-correlation
coeﬃcient followed in the 9-10th month with reduction of
the diurnal range. Our results suggest that there is also a
seasonal rhythmofoscillationin cross-correlation coeﬃcient
with a periodicity of about sixty days. This rhythm also
diminished late in the study.
The lead time of the peak lead/lag plotof the cross-corre-
lation coeﬃcient was negative throughout the study showing
that heart rate change was leading blood pressure change
[21]. This value diminished with diabetic age but did not
overturn, suggesting that sympathetic eﬀerent control of the
cardiovascular system was maintained, but with reduction
in eﬀectiveness [21]. The diurnal rhythm showed that the
heartrateleadoverbloodpressure waslongerinthemorning
period (P1) before and at onset ofdiabetes. This lead became
reduced in most periods as the diabetes progressed.
Thecombinationofthespontaneouslydiabeticratmodel
and telemetry has proven advantageous for this long-term
longitudinal study of the circadian cardiovascular and auto-
nomic function in diabetes. Our ﬁndings are consonant with
earlier reports of time-dependent alterations in heart rate,
circadian variation, pulse pressure, and cardiac autonomic
control in streptozotocin- (STZ-) treated rats [18, 26, 27].
Young et al. [11] have also reported alteration of internal
circadian clock in the heart of STZ-treated rats. The formerInternational Journal of Hypertension 7
∗
0.52
0.56
0.6
0.64
0.68
0.72
Control Diabetic
C
r
o
s
s
-
c
o
r
r
e
l
a
t
i
o
n
c
o
e
ﬃ
c
i
e
n
t
(a)
Control
∗
0.48
0.52
0.56
0.6
0.64
0.68
Diabetic
C
r
o
s
s
-
c
o
r
r
e
l
a
t
i
o
n
c
o
e
ﬃ
c
i
e
n
t
(b)
Figure 7: Bar charts showing average overall cross-correlation coeﬃcients of blood pressure and heart rate in diabetes-prone (BBDP) and
diabetes-resistant (BBDR)control rats.These are aggregate results averagedover9months.(a)showsthe averagepeak Xcorr while(b) shows
the average nadir Xcorr values. Values are means ± SEM. (n = 8i ne a c hg r o u p ) .∗P<. 05.
were acute studies or intermittent-duration studies lasting
one day, 8 weeks, and ten weeks, respectively, and some used
indwelling arterial cannula for blood pressure measurement.
To the best of our knowledge the present study is unique
because we not only measured continuous prediabetic
data, but we also recorded during the diabetic conversion
period and, thereafter, continuous, long-term cardiovascular
function. Our observations reveal that there is yet another
rhythmic long-term variation of cardiovascular function.
This rhythm has a periodicity of about sixty days which
is not obvious in diabetes-resistant rats. The mechanisms
underlying the reported changes in cardiovascular function
were thought to be in the heart and/or neuroendocrine
control. It has been recognized that STZ-induced alterations
of the circadian clock of the heart may be independent
of diabetes development [11]. Our results do not show a
dramatic change in heart rate at onset of diabetes. This is
in contrast with the severe bradycardia of about 20% [18]
and 30% [28] in earlier reports that used STZ. Other reports
onisolatedcardiacpreparationshaveassociatedSTZdiabetes
with depression of basal spontaneous pacemaker rate [29–
31], which was not aﬀected by nadolol or atropine [31, 32].
These ﬁndings indicated that the recorded changes were not
mediated by endogenous neurotransmitter release. It was
thoughtthatchangesinelectrophysiologicalpropertiesofthe
sinoatrial (SA)node of the heart, such as maximum diastolic
potential,threshold,orslopeofdiastolicdepolarization,were
responsible [18].
It is not certain how these factors aﬀect circadian rhythm
in vivo. Our results show bipodal peaks in circadian rhythms
over 24 hours. This may be due to central eﬀect(s) on
cardiovascular system via the autonomic nervous system.
We have applied computational cross-correlation coeﬃ-
cient analysis of the changes in heart rate and blood pressure
tothecircadianrhythmandthelong-termvariabilityofheart
rate and blood pressure in these animals. This method has
been shown to be advantageous for investigating dynamic
arterial blood pressure and heart rate control [21, 33]. This
method revealed diﬀerent changes in circadian rhythms at
diﬀerent times in the developmentof diabetes. In the control
period the circadian rhythm consisted of a unipodal curve
with a peak in the night and a dip in the midday. Immedi-
ately at conversion to diabetes the circadian rhythm showed
a sustained peak of the cross-correlation coeﬃcient into the
mornings. However by the second month the relationship
changed to a bipodal curve with peaks in the night and
midday and dips in the morning and afternoon. These
observations point to changes in autonomic cardiovascular
control. This patternwas maintained through the 8th month
when the peaks were ﬂattened. The cross-correlation coef-
ﬁcient remained positive indicating [21]t h a ts y m p a t h e t i c
control was maintained, though with ﬂuctuations. Thus it
can be surmised that in this period permanent damage to
autonomic regulatory mechanisms may not have occurred,
but some destabilization of the resting tone may be in place.
In the ninth month we observed a signiﬁcant reduction in
cross-correlation coeﬃcient and a phase shift in the peaks
and dips with the nighttime having the lowest dip, and this
did not occur in the diabetes-resistant rats. This may mark
the beginning of irreversible impairment of autonomic and
cardiovascular function.
In classic blood pressure driven changes as in baroreﬂex
tests, haemorrhage and postural change, BP change is
followed reﬂexly by a compensatory change in HR yielding
a negative cross-correlation with BP leading HR. While this
is true for volume expansion, compartment reduction via
vasoconstriction or vasodilation, this appears not to hold
true for euvolemic and nonbaroreﬂex adjustments [34].
In conclusion, our observations show that in the devel-
opment of diabetes the circadian cardiovascular rhythms
show slight alterations, though these changes only became
signiﬁcant at the late stage of the disease. This is consistent
withimpairmentofintegrationand/orfunctionalautonomic
capacity in prolonged diabetes mellitus.
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